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Abstract
Palms are highly significant tropical plants. Oil palms produce palm oil, the basic commodity of a highly important industry.
Climate change from greenhouse gasses is likely to decrease the ability of palms to survive, irrespective of them providing
ecosystem services to communities. Little information about species survival in tropical regions under climate change is available
and data on species migration under climate change is important. Palms are particularly significant in Africa: a palm oil industry
already exists with Nigeria being the largest producer. Previous work using CLIMEX modelling indicated that Africa will have
reduced suitable climate for oil palm in Africa. The current paper employs this modelling to assess how suitable climate for
growing oil palm changed in Africa from current time to 2100. An increasing trend in suitable climate from west to east was
observed indicating that refuges could be obtained along the African tropical belt. Most countries had reduced suitable climates
but others had increased, with Uganda being particularly high. There may be a case for developing future oil palm plantations
towards the east of Africa. The information may be usefully applied to other palms. However, it is crucial that any developments
will fully adhere to environmental regulations. Future climate change will have severe consequences to oil palm cultivation but
there may be scope for eastwards mitigation in Africa.
Keywords Elaeis guineensis . Global warming . Suitable climate . Longitude . Trend . Democratic Republic of Congo
Introduction
Palms are iconic plants (Cosiaux et al. 2018) which are highly
significant to humans and biodiversity. Vast plantations of oil
palm (Elaeis guineensis) exist, allowing a large global indus-
try to develop by producing palm oil, with highly significant
consequences to the general economy and environment
(Paterson and Lima 2018). African palms are likely to be
affected detrimentally by climate change from increased
greenhouse gasses and may not survive, although there ap-
pears a low extinction risk in the immediate future. It is crucial
to understand the climate change threats to these plants
(Cosiaux et al. 2018).
The effects of climate change are manifested by phenology
and future climate warming may disrupt many ecosystems
(Thackeray et al. 2010). Rosenzweig et al. (2008) indicated
demographic changes in suitable climate for species growth
from climate change. Bellard et al. (2012) pointed out weak-
nesses of models, in that not all relevant parameters are con-
sidered, but also indicated that climate scenarios depend on a
wide range of socio-economic ‘storylines’. Studies indicate
high levels of ecological changes caused by climate change
by employing scientific inference (Parmesan 2006).
Extinction rates of species (Sinervo et al. 2010) will accelerate
with the intensification of climate change (Urban 2015). The
majority of studies extrapolate correlations between current
climate and species distributions to novel conditions and
temperature-sensitive species might extend their ranges to
cool refuges (Wright et al. 2009).
Many climate change studies are limited in scope, includ-
ing a lack of information on non-tropical species: They do not
often consider (a) a wider range of factors (e.g. precipitation)
apart from temperature, and (b) longitudinal change (Feeley
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et al. 2017). Focussing on only change to higher latitudes and
temperature underestimates the effect of climate change.
Poleward movements and upward shifts in species’ climate-
related range are the most reported responses by far (Fei et al.
2017). Cho and Mccarl (2017) found that climate explained a
longitudinal trend in favouring particular crops. Successional
processes were more sensitive to changes in moisture avail-
ability than to temperature for trees in the USA, where a lon-
gitudinal effect was reported (Fei et al. 2017). Miller et al.
(2017) determined that forest responses to climate change
were apparent near the western range limit of white spruce
in Alaska. Nevertheless, Sittaro et al. (2017) suggested tree
species were predominantly limited in their capacity to track
climate warming, supporting concerns that warming will im-
pact negatively forest ecosystems.
There is a paucity of information on climate change in the
tropics (Feeley et al. 2017; Ghini et al. 2011) and research
efforts are weak in central Africa, where studies covering large
areas are lacking and data on thermoregulatory behaviours do
not exist for tropical lowland plants. The absence of tropical
species from most global climate syntheses is especially dan-
gerous because they are expected to have fundamentally dif-
ferent responses to climate change than temperate counter-
parts. Tropical plants should be a priority in global change
research since there are no pools of plants living in a hotter
climate that are available to replace declining species in trop-
ical lowland, leading to tropical lowland biotic attrition with
potentially negative consequences for ecosystem functioning
(Lenoir and Svenning 2015; Feeley et al. 2017). On the other
hand, the high levels of oil palm cultivation contribute to
reduce ecosystem function (Dislich et al. 2017).
The absence of latitudinal temperature gradients within the
tropics (Wright et al. 2009) eliminates poleward migrations as
a survival mechanism for most equatorial species. It was fur-
ther suggested that tropical forest species will be particularly
sensitive to global warming. Temperature-sensitive species
might extend their ranges to cool refuges, although distances
to these refuges are the greatest for equatorial species and are
particularly large for the Congo River Basins, West Africa,
and the upper elevations of many tropical mountains. Tropical
species are likely to be (a) particularly sensitive to global
warming because they are adapted to limited geographic and
seasonal variation in temperature, (b) living at or near the
highest temperatures on Earth before global warming began
and (c) isolated from cool refuges. The distance to the nearest
cool refuge exceeds 1000 km for more than 20% of tropical
species. In the Northern hemisphere, movements have been
estimated at 1.69 km year−1 to higher latitudes (Lenoir and
Svenning 2015). A strong latitudinal temperature gradient av-
erages 1 °C for each 145-km change in latitude between the
Tropics and Polar Regions but approaches zero between the
Tropics of Cancer and Capricorn. However, only a few pole-
ward range shifts have been reported for terrestrial plants,
although a recent example is from (Lena et al. 2018) who
indicated a possible expansion of an almond crop polewards.
Palms represent bedrock species in the tropics providing
essential ecosystem services to rural people worldwide, al-
though many palms are threatened by over-exploitation and
habitat loss. African palm species will experience a decline in
climatic suitability in > 70% of their current ranges by 2080
(Blach-Overgaard et al. 2015), reducing to ca. 35% if migra-
tion to nearby climatically-suitable sites succeeds. However,
this is difficult in latitudinal directions in the tropics because
there are no temperature gradients in these directions (Wright
et al. 2009). Furthermore, losses of important palm habitats
such as tropical rain forests are steadily exacerbating the pres-
sures on palm populations. Consequently, palms and their
ecosystem functions and services will be highly sensitive to
climate change. Oil palm cultivation itself involves deforesta-
tion (Dislich et al. 2017; Paterson and Lima 2018), and hence,
the development of oil palm could threaten other palms. It is
fundamental to comprehend how climate change will affect
African palms given their socioeconomic and ecological im-
portance. Blach-Overgaard et al. (2015 ) predicted climate
suitability losses across almost all terrains where palms occur
in Africa, especially in the Guineo-Congolian Floristic
Region. However, most open-habitat palms were projected
to lose climate suitability in coastal East Africa and West
Africa. The oil palm, the subject of the present paper, falls
into both categories and will be affected in all these regions:
climate suitability increases were predicted for fewer species
in smaller areas. A decline was projected in climate suitability
in 70% of their current predicted ranges by 2080 for all palms.
Many palms could potentially track suitable climate space by
dispersing within 100-km distance of their current range mar-
gins: The highest gains in climate suitability were in west-
central Africa for palms overall and for rainforest palms, but
in south-eastern Africa for open-habitat palms. In reality, these
gains may not be met due to habitat fragmentation with novel
anthropogenic habitats constituting dispersal barriers.
The awareness of climate change threatening crop produc-
tion has increased (Lobell et al. 2006). Ramirez-cabral et al.
(2017) indicated that large areas that are suitable for global
maize cultivation will suffer from heat and dry stresses that
may constrain production. Shabani et al. (2014) determined
that future climate could favour plant pathogenic Fusarium
oxysporum threatening more infection of crops. Paterson
(2020) modelled increased mortality and disease of oil palm
from climate change.
Oil palm (E. guineensis) originated in Africa, as the name
indicates, as part of the tropical forest. Palm oil is used in
numerous foods, cosmetics, pharmaceuticals, biodiesel and
is employed in domestic cooking at very high volumes
(Paterson et al. 2017). On the other hand, oil palm plantations
have detrimental environmental consequences especially with
respect to deforestation (Paterson and Lima 2018) and the oil
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and its production are associated with human health problems
(Kadandale and Smith 2019), adding to the overall signifi-
cance of oil palm.
Palm oil manufacturing began commercially inMalaysia in
1917 (Basiron 2007) and 85% of palm oil is now produced by
Malaysia and Indonesia (Ommelna et al. 2012). The rest of the
world accounts for 14% of the world’s supply and oil palm
may be grown increasingly in other countries as suitable land
becomes scarce and climate is unconducive to growth, in
Malaysia and Indonesia. For example, there are only 3·0 ×
105 ha remaining inMalaysia (Villela et al. 2014) and growing
oil palm in Malaysia and Indonesia may become difficult as
climate change progresses (Marlier et al. 2014). In addition,
other nations will produce palm oil to boost their economies,
forming potential competitors to Malaysia and Indonesia.
Indeed, many countries have plans to increase the amount/
area of oil palm grown (Arrieta et al. 2007; Ohimain and
Izah 2014; Paterson et al. 2015). There are significant indus-
tries in tropical Africa. Nigeria, Ghana, Ivory Coast,
Cameroon, Sierra Leon, Benin, Angola and DRC are the main
producers and in that order, although Cameroon and Ivory
Coast are the only exporters of palm oil (Corley and Tinker
2015). Nigeria is the fourth highest manufacturer globally
with an average yield of palm oil of 1·3 × 106 million tonnes
and the country produced biodiesel at 6·0 × 103 l/ha oil palm
in 2007 (Abila 2010). African states could, in theory, increase
their market share as land in Malaysia and Indonesia becomes
less available (Paterson and Lima 2018).
Paterson et al. (2017) considered future changes to suit-
able climate for growing oil palm in a worldwide setting by
using modelling techniques that employed temperature and
moisture parameters such as soil moisture and wet stress.
There was a large area of highly suitable climate in Africa,
extending east from Sierra Leone to almost all of DRC.
Many of the other countries in this zone have large areas
of highly suitable climate and a large number of occur-
rences of E. guineensis plantations were recorded. The
general trend was for a reduced level of suitable climate
in 2050 and even greater reductions by 2100: reductions in
highly suitable climate for Nigeria were projected to be to
1 from 69 km2 in 2100. However, suitable climate in-
creased with climate change in Madagascar. The projec-
tions indicate serious consequences to the PO industry gen-
erally, and that the climate will become unsuitable for
growing oil palm at the same rate, or faster than,
Malaysia and Indonesia. There was no attempt at an in-
depth study of trends within the African countries from
the maps provided.
The current paper considers how suitable climate for the
growth of oil palm changes across most of the relevant coun-
tries in Africa based on the information in Paterson et al.
(2017). There is a paucity of information in the scientific lit-
erature on (a) climate effects in tropical countries, (b) other
conditions apart from temperature and (c) longitudinal effects,
which the current paper addresses.
Material and methods
The CLIMEX mechanistic niche model described in Paterson
et al. (2017) provided scenarios of suitable climate for grow-
ing oil palm under climate change in Africa and was used to
provide information from the maps for current time, 2050 and
2100 (Fig. 1). The only nations that are not in the tropics in
Africa are Morocco and Tunisia in the north and Lesotho and
Swaziland in the south. All the rest lie either entirely, or at
least partly, within the tropics as defined by the latitudes of the
Tropics of Cancer and Capricorn. Tropical Africa tends to
have a hot or warm climate which is caused by the latitude
and a tropical rain belt. However, this varies throughout the
region, ranging from arid in deserts to humid, particularly in
West Africa.
The CLIMEX software supports ecological research by
incorporating modelling of the potential distributions of spe-
cies under various climate scenarios and assumes that climate
is the paramount determining factor of plant and
poikilothermal animal distributions. The model allows the de-
termination of geographically relevant climatic parameters de-
scribing the responses of an organism to climate and imposes
limitations to the geographical distribution of a species and
determines seasonal phenology and abundance. The Annual
Growth Index (GIA) represents the species growth potential in
the favourable season, while the impact of population reduc-
tion during an unfavourable season is established by the cold,
hot, wet and dry Stress Indices and their interactions. The
Ecoclimatic Index (EI), the product of the GIA and Stress
Indices, rates the level of suitability for occupation of a par-
ticular location or year for a species. The EI is an annual
average index, derived from weekly data of the growth and
Stress Indices of suitability levels of climatic factors, denoted
by a value on the scale 0 to 100. A species can establish when
EI > 0.
CLIMEX categorised areas according to high suitability,
suitability, marginal suitability and unsuitability based on oth-
er studies using CLIMEX (Paterson et al. 2017). In the present
study, temperature index, moisture index, cold stress, heat
stress, dry stress, wet stress and degree-day threshold were
fitted according to global distribution data, iteratively adjusted
to achieve satisfactory agreement between known and
projected distributions of the species globally. Detailed
justification of these parameters and values used in oil palm
modelling are provided in Paterson et al. (2015, 2017)
respectively.
The maps were magnified on a computer screen to focus on
these regions specifically using the magnification facility. The
percentages of highly suitable and suitable climates were
21195Environ Sci Pollut Res (2021) 28:21193–21203
determined by assessing visually the areas of red and yellow
in each map, where red represented highly suitable climate
and yellow the suitable climate for growing OP. These two
sets of suitabilities were combined to form the combined suit-
able climate (CSC) parameter.
The oil palm distribution was determined by the Global
Biodiversity Information Facility (GBIF) (http://www.gbif.
org/, accessed 9 November 2015) and additional literature
on the species in CAB Direct (http://www.cabdirect.org/
web/about.html, accessed October 2015), and formed the
basis for the collection of data on the E. guineensis
distribution in (Paterson et al. 2017) with 2465 records utilized
in fitting the parameters. The CLIMEX in conjunction with
the A2 Special Report on Emissions Scenarios (SRES) sce-
nario, a mechanistic niche model using the CLIMEX software
supports ecological research incorporating the modelling of
species’ potential distributions under differing climate scenar-
ios and assumes that climate is the paramount determining
factor of plant and poikilothermal animal distributions.
CLIMEX output categorized areas according to highly suit-
able climate, suitable climate, marginal climate and unsuitable
climate based on other studies through CLIMEX. The deter-
minations of the mortality of oil palm are determined from
especially marginal and unsuitable climate increases.
Countries within the oil palm belt are indicated in Corley
and Tinker (2015). CSC data were plotted against each coun-
try which was represented by its most western longitude con-
sidered (Table 1).
Results and discussion
Maps of the suitability for oil palm growth are shown in Fig. 1.
In general, the highly suitable climate category (red) was the
most prevalent by far for current time and 2050. However,
marginal climate (blue) was dominant by 2100. The average
CSC in current time for all 17 countries studied was 53.5%.
Figure 2 demonstrates a large reduction in CSC in current time
a Current time
b  2050 by MIROC-H
c 2100 by CSIRO-Mk 3.0
Fig. 1 Maps of suitable climate in
African countries with highly
suitable (red) and suitable
(yellow) climate for grown oil
palm (Paterson et al. 2017). The
blue and no colour represent
marginal and unsuitable climates
respectively. The green spots
represent existing oil palm occur-
rence. a Current time, b 2050 by
MIROC-H, c 2100 by CSIRO-
Mk 3.0
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in the 17 countries represented by longitudes − 14o to 44o
from Sierra Leon in the west to Madagascar in the east of
Africa. Ten of these countries, from Sierra Leon to DRC, are
within the oil palm belt and 7 countries, from the Central
African Republic (CAR) to Madagascar, are not in the oil
palm belt being situated further east. Table 1 provides the
assigned longitude to each of these countries.
Very high levels of CSC of more than 50% were obtained
for Sierra Leon, Liberia, Ivory Coast, Ghana, Cameroon,
Gabon, Republic of Congo (RC), Democratic Republic of
Congo (DRC) and CAR. Only CAR is outside the oil palm
belt. Nigeria had a CSC of 40% and has the most developed
oil palm industry in Africa.
The average CSC for all countries for 2050 was 45.8%
which is 7.7% lower than current time. The countries with
higher than 50% CSC were Sierra Leon, Liberia, Ivory
Coast, Cameroon, Gabon, RC, DRC and Uganda and the
counties with increases in CSC were Angola, Uganda,
Ethiopia and Madagascar. Only Angola is within the oil palm
belt. The 2050 data (Fig. 2b) indicated that the west to east
trend of CSC in Africa was at a lower level than for current
time (Fig. 2). However, the slope of the trend line indicated
that the change in climate from current time to 2050 reduced
the decrease in CSC from west to east Africa. This indicated
an ameliorating effect of longitude on the reduction in suitable
climate from west to east Africa from changing climate by
2050 compared with current time.
The large increase in CSC for Uganda (Table 1, Fig. 2b) is
remarkable and indicates how climate change could increase
the suitability of climate for growing oil palm. Uganda may
have a viable oil palm industry from this point of view al-
though other factors will affect this possibility. For example,
severe land degradation, deforestation, soil erosion and unsus-
tainable groundwater extractions have taken place in Uganda,
driven by demand for additional agricultural land due to rapid
human population increases, causing the loss of forest and
woodland habitats and putting additional pressure on local
threatened palms (Blach-Overgaard et al. 2015).
The difference between the CSC for 2050 and current time
are presented in Fig. 2c indicating the effect of longitude on
this difference. From west to east Africa, Sierra Leon, Ivory
Coast, Ghana, Nigeria, CAR and Mozambique had the
greatest reductions in CSC of − 20 to − 40% (Fig. 2c;
Table 1). There was a cluster of five counties at similar longi-
tude of ca. 8–13which (a) represented Cameroon, Gabon, RC,
Angola and DRC, and (b) demonstrated little change in CSC.
However, of the greatest interest is the increasing trend for the
difference in CSC from west to east Africa.
The data for 2100 are shown in Fig. 3 and Table 1 which
indicate that the average CSC for 2100 was 19.8%, much
lower than the figure for 2050. There was little indication of
a trend in CSC because the slope of the trend line was approx-
imately zero. Counties with more than 50% CSC were
Cameroon, Gambon and DRC which were all in the oil palm
Table 1 Percentage combined suitable climate (CSC) for growing oil
palm in the African countries discussed in the current paper. The CSC
data for 2050 and 2100 are an average of the MIROC-H and CSIRO-
Mk3.0 maps in Paterson et al. (2017) for each year. The longitude refers
to the most western part of the country. The figures in brackets represent
the percentage increases over current time in 2050 and 2100
Country Longitude CSC
Current time
CSC 2050 CSC 2050
minus CSC
current time
CSC 2100 CSC 2100
minus CSC 2050
Comments
Sierra Leon − 14 100 69 − 31 0 − 69 Large decreases
Liberia − 12 100 92 − 8 1 − 91 Large decreases
Ivory Coast − 8 95 60 − 35 7 − 53 Large decreases
Ghana − 4 60 31 − 29 6 − 25 Large decreases
Nigeria 3 40 15 − 25 3 − 12 Large decreases
Cameroon 8 65 61 − 4 62 (2) 1 Almost no effect
Gabon 9 100 99 − 1 68 − 31 Decreases
Republic of Congo 11 100 100 0 36 − 64 Decreases
Angola 12 3 6 (100) 3 8 (167) 2 Large increases
Democratic Republic of Congo 13 83 80 − 3 62 − 18 Decreases
Central African Republic 15 63 35 − 28 2 − 33 Large decreases
Uganda 28 31 91 (193) 60 45 (45) − 46 Large increases
Tanzania 29 18 19 (5) 1 14 − 5 Almost no effect
Mozambique 30 38 1 − 37 0 − 1 Large decreases
Ethiopia 33 2 5 (150) 3 5 (150) 0 Increases
Kenya 34 6 5 − 1 1 − 4 Decreases
Madagascar 44 6 10 (67) 4 17 (183) 7 Large increases
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belt and had similar longitudes. These countries could support
an oil palm industry climatically even by 2100 if other rele-
vant factors are also conducive. The Republic of Congo (36%)
and Uganda (45%) had moderately high levels CSC and could
still support an industry, given that Nigeria is the largest cur-
rent producer with a CSC of 40% in current time.
Figure 3b illustrates the difference between the CSC in
2100 minus 2050 and indicates the strong influence of longi-
tude in reducing the negative effect of climate on CSC in a
similar manner described for 2050 minus current time. Small
increased values were observed from Cameroon, Angola and
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Fig. 2 a Percentage combined
suitable climate (CSC) for current
time for the 17 countries
discussed in the present paper and
represented by the longitude of
the country as listed in Table 1.
Sierra Leon is the extreme west at
− 14o and Madagascar is the ex-
treme east at 44o. The trend line is
also presented. b Percentage
combined suitable climate (CSC)
for 2050 for the 17 countries
discussed in the present paper and
represented by the longitude of
the country as listed in Table 1.
Sierra Leon is the extreme west at
− 14o and Madagascar is the ex-
treme east at 44o. The trend line is
also presented. c Difference be-
tween combined suitable climate
(CSC) for 2050 minus current
time for the 17 countries
discussed in the present paper and
represented by the longitude of
the country as listed in Table 1.
Sierra Leon is the extreme west at
− 14o and Madagascar is the ex-
treme east at 44o. The trend line is
also presented
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2050 values (Table 1, Fig. 3b). The industry in these countries
could survive climate change but would not compensate for
the general reduction in CSC elsewhere. Nevertheless, the
trend supports the contention of an increasing longitudinal
trend for reducing the negative effect of climate change on
CSC.
The levels of CSC increased 6, 10 and 17% in current time,
2050 and 2100 respectively for Madagascar which are large
increases and may help support the oil palm industry in that
country. Tanzania and Cameroon demonstrated little or no
effect from climate change and the oil palm industry might
develop in these counties, at least from the point of view of
suitable climate (Table 1).
Increased CSC would be anticipated for countries in the oil
palm belt (Corley and Tinker 2015) such as the countries from
Sierra Leon to DRC, compared to those that are located further
east and may present distinctly different patterns of climate
suitability to regions not in the oil palm belt. Figure 4 indicates
the difference in CSC between the data for 2050 and that for
current time for the oil palm belt countries. However, an in-
crease in the differences in CSC from west to east Africa was
apparent in a similar manner to when all countries were con-
sidered (Fig. 2c). An increasing trend was also indicated for
the 2100 minus the 2050 data from west to east Africa (Fig.
4b) which was greater than for 2050 minus current time dif-
ferences (Fig. 4). The longitudinal effect for all countries con-
sidered herein also applies to those only in the oil palm belt.
Hence, there is good reason to predict that refuges for oil palm
will exist towards the east of Africa in the oil palm belt be-
cause the general conditions are favourable in current time.
Blach-Overgaard et al. (2015) suggested the use of assisted
colonization to help species track climate change and the re-
sults presented herein indicate utilising the more easterly
countries may be appropriate for this purpose. The trend for
the change in difference in CSC for non-oil palm belt coun-
tries between (a) current time and 2050 (Fig. 5) and (b) 2050
and 2100 (Fig. 5b) indicated it was also positive from west to


































Linear (2100 - 2050)
b
Fig. 3 a Percentage combined
suitable climate (CSC) for 2100
for the 17 countries discussed in
the present paper and represented
by the longitude of the country as
listed in Table 1. Sierra Leon is
the extreme west at − 14o and
Madagascar is the extreme east at
44o. The trend line is also pre-
sented. b Difference between
combined suitable climate (CSC)
for 2100 minus 2050 for the 17
countries discussed in the present
paper and represented by the lon-
gitude of the country as listed in
Table 1. Sierra Leon is the ex-
treme west at − 14o and
Madagascar is the extreme east at
44o. The trend line is also
presented
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differences from west to east Africa for the oil palm belt and
non-oil palm belt countries from climate change.
The oil palm belt was considered more detail herein be-
cause all the conditions currently exist for high levels of oil
palm growth by implication—not just those related to a suit-
able climate. For example, suitable soil and slope of cultiva-
tion are likely to be suitable as are socioeconomic factors.
Hence, if there is an improvement in suitable climate, then
the other conditions necessary for oil palm growth already
exist. This is not necessarily the case for the other countries
outside the oil palm belt if the climate improves.
Climate has an important role in defining the range limits of
oil palm distribution by exerting eco-physiological constraints
(Paterson et al. 2017). However, factors such as soil properties
and biotic interactions may prevent the plant from colonizing
sites that are otherwise suitable. Changes in climate will have
broad-scale impacts on the distribution of oil palm. Changes
in cold, heat and dry stresses were largely responsible for the
changes in climatic suitability for oil palm cultivation while
wet stress was unimportant in Paterson et al. (2017) hence
extending the range of parameters from temperature alone.
A negative and significant relationship was found between
annual average temperature and sea level rise and oil palm
production in Malaysia (Sarkar et al. 2020) who also stated
that temperature rises of 1 to 4 °C can cause the production of
oil palm to decrease by 10 to 41%.
These data indicate how oil palm could survive climate
change by displacement to more suitable refuges in the east
of Africa. Latitudinal refuges may not be accessible in the
tropics as mentioned above (Wright et al. 2009). Also, this
trend may assist species colonization by tracking beneficial
climate changes and establishing these refugees towards the
east in the oil palm belt such as DRC over Sierra Leon for
example. Countries such as Uganda or Tanzania being partic-
ularly suitable outside the oil palm belt. Furthermore, oil palm
may be a useful marker species that may indicate how other
palms could adapt to changes in climate, especially because
oil palm grows in rainforest and open plane, unlike most
palms which normally can grow only in one location or the




































2050 - current me
Linear (2050 - current
me)
b
Fig. 4 a Difference between
combined suitable climate (CSC)
for 2050 minus current time for
the 10 countries of the oil palm
belt and represented by the longi-
tude of the country as listed in
Table 1. Sierra Leon is the ex-
treme west at − 14o and the
Democratic Republic of Congo is
the east at 13o. The trend line is
also presented. b Difference be-
tween combined suitable climate
(CSC) for 2100 minus 2050 for
the 10 countries of the oil palm
belt and represented by the longi-
tude of the country as listed in
Table 1. Sierra Leon is the ex-
treme west at − 14o and the
Democratic Republic of Congo is
the east at 13o. The trend line is
also presented
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These results presented herein are particularly important
because there are few data on the effect of climate change
on (a) species in the tropics, and (b) longitudinal effects.
Also, the data took into account temperature and moisture-
related parameters (Paterson et al. 2017) and not just temper-
ature, which is what often occurs in climate studies (see the
‘Introduction’ section).
There was cold stress associated with the eastern African
countries considered herein, particularly in Ethiopia, and
Kenya in 2050. Heat and dry stresses were particularly
associated with areas north of the tropics in Africa by 2050
in Paterson et al. (2017) and may be the reason for fewer
refuges for oil palm to the north of the African tropics.
Regions south of the tropics in Africa would appear to be
affected by cold stress and this may reduce refuges in this
direction. There was less evidence of stress factors impinging
longitudinally in 2050, reinforcing the trend reported in the
present paper. Hot stress pervades the tropics from the north of
Africa by 2100 especially to the west of the African oil palm
belt. This may be a reason for the large amount of reduced
CSC reported herein for 2100. Cold stress disappeared largely
towards the south of Africa with dry stress moving even fur-
ther south. Refuges may appear further south in Africa by
2100. Correlating these stresses with climate suitability is
not absolute for, inter alia, complications from (a) the length
of the growing season, (b) vernalisation and (c) the fact that
other stresses can have an impact e.g. cold–dry, hot–dry,
cold–wet and hot–wet. Wright et al. (2009) indicate that dis-
tances to cool refuges are particularly large close to the oil
palm belt and particularly in the most western countries, close
to Cameroon and DRC. Eastern countries such as south
Sudan, Uganda and western Tanzania are much closer to cool
refuges. Hence, oil palms could spread east with climate
change in Africa, especially given the large distances to ref-
uges in the west of the oil palm belt, and with little prospects
of poleward movement.
It is critical to understand the effects of climate change on
natural systems to predict or mitigate consequent changes in
diversity and ecosystem function (Feeley et al. 2017).
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Fig. 5 a Difference between
combined suitable climate (CSC)
for 2050 minus current time for
the 7 countries not in the oil palm
belt and represented by the longi-
tude of the country as listed in
Table 1. Central African Republic
is the extreme west at 15o and
Madagascar is the extreme east at
44o. The trend line is also pre-
sented. b Difference between
combined suitable climate (CSC)
for 2100 minus 2050 for the 7
countries not in the oil palm belt
and represented by the longitude
of the country as listed in Table 1.
Central African Republic is the
extreme west at 15o and
Madagascar is the extreme east at
44o. The trend line is also
presented
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has a potential impact on all species in all ecosystems.
However, large-scale conversion of tropical forest to oil palm
plantations has detrimental effects on biodiversity. Fitzherbert
et al. (2008) determined that oil palm plantations support
many fewer species than forests and some other tree crops:
habitat fragmentation and increased pollution occur, including
greenhouse gas emissions. Oil palm cultivation affects climate
by increasing greenhouse gas emission and consequently cli-
mate change (Paterson and Lima 2018). Koh and Wilcove
(2008) suggested that oil palm expansion occurs at the ex-
pense of forests, which may result in biodiversity loss.
Dislich et al. (2017) determined 11 of 14 ecosystem functions
decreased in levels of function by the introduction of oil palm
plantations. Hence, countries which experience less severe
change in climate, or a positive effect from climate change,
cannot develop plantations at the expense of the environment,
whether or not climate change improves oil palm growth.
The development of resistant oil palm cultivars to climate
change, or environmental stress, may overcome the less
favourable growth conditions imposed by climate change
(Rival 2017). Furthermore, Paterson and Lima (2018) de-
scribed some key areas of research and development which
will reduce the effect of oil palm cultivation on climate change
and the effect of climate change on oil palm agronomy. These
areas included (a) inter-planting leguminous crops to increase
nitrogen in the soil; (b) using empty oil palm bunches to en-
hance soil; (c) adding earthworms to improve soil; (d)
employing arbuscular mycorrhizal fungi and (e) biochar to
assist nutrition of oil palm. However, the most effective man-
ner of addressing climate change is to adhere to the policies
devised at the recent climate meeting in Spain (COP25), by
reducing greenhouse gasses and keeping temperature rise to
more manageable levels (file:///C:/Users/Russell/Downloads/
cp2019_L10E.pdf). Conservation scientists, managers and en-
vironmental policymakers need to adapt their guidelines and
policies accordingly (Brooke 2008) to mitigate the impact of
climate change.
Conclusions
Useful information relating to future climate effects on oil
palm has been obtained from suitable climate maps using
the CLIMEX model for tropical Africa. This is the first time
that the data has been employed in this manner. A distinctly
increasing trend from west to east in Africa was determined in
the change in suitable climate from the current time until
2050. This indicated an ameliorating effect of longitude on
the reduction in suitable climate from west to east Africa.
There was a similar trend for 2050 until 2100. The trends were
increasingly positive from west to east Africa for the oil palm
belt and non-oil palm belt countries from climate change.
Refuges may be more likely for oil palm in the east of this
region as climate change progresses. The information will be
useful in the understanding of the future survival of palms in
general and for plantation managers, environmentalists and
governments. The effect on the environment of developing
plantations in novel regions must be of prime concern.
Finally, increased resources are required, in general, to reduce
climate change through international cooperation.
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